INTRODUCTION
The response of glasses to shock loading has been the subject of vigorous research in the last two decades 12-61. These studies report data on the loading and unloading behavior of different glasses; soda-lime, pyrex, borosilicates, fused quartz and crystalline quartz. One of the important conclusions of these investigations is that there are basically two groups of glasses: 1) the "normal" ones that behave as elasto-plastic similar to that observed in metals and 2) the "anomalous" glasses, which exhibit a ramping elastic wave due to a decrease of the bulk modulus with increasing shock pressure (up to 30 kbar). Soda-lime glass is a typical representative for the "normal" glasses whereas pyrex falls in the "anomalous" family.
In a recent study we found that the spall strength of soda-lime glass is very high for shock levels below the Hugoniot Elastic Limit (HEL) (64 kbar) while above the HEL the spall strength is almost zero for this material HI. Pyrex (HEL 75 kbar /8/) showed similar characteristics which prompted us to assign a meaning of total failure to the HEL of these two materials 191.
Kanel et al HI have reported free surface velocity measurements (using VISAR) of shock loaded K19 glass (similar to soda lime glass) from which they concluded that a third wave (which they identify as failure wave) propagates behind the elastic and plastic wave fronts. The failure wave propagates at about 1.5-2 mm/jus and represents the total fracture or failure of the specimen. The purpose of the present work was to explore the existence of the fracture waves in glass specimens 1x ' Permanent address : RAFAEL, Haifa, Israel.
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1991389
by monitoring wave interactions with failure wave and by measuring the spall strength in front and behind the wave, using manganin stress gauges.
EXPERIMENTAL METHOD
Soda lime glass plates (5.7 mm thick) were obtained locally. The density and longitudinal wave velocity were 2.5 g,/cm3 and 5.84 mm/ps, respectively. Pyrex plates, obtained from Corning Glass Works, were 6.2 mm thick. The pyrex density was 2.23 g/cm3 and longitudinal wave velocity was 5.6 mm/ps. Commercial manganin gauges (Type LM-SS-125CH-048) were purchased from Micro-Measurements, Raleigh, NC.
Manganin gauges were embedded at the interface between the glass plates and 13-mm thick PMMA (Polycast Acrylic, Stamford, CT) plates as shown in Figure 1 . Two types of experiments were performed: (I) wave interaction type similar to Kanel et a1 /l/, in which the interaction of the failure wave with the release wave from the glass-PMMA interface was monitored, and (11) spall type, where the interaction of the release waves form the back of the impactor and from the glass-PMMA interface were intended to spall the glass target plate. In these experiments the thickness of the impactors were chosen as to whether the spall plane is behind or in front of the failure wave ( Figure 2a ). In the first type of experiments we used thick copper impactor plates, whereas in the second type both aluminurn and glass impactors were employed. Impactor velocities were set to obtain peak shock stress in both the elastic and inelastic range of the two materials. A total of nine experiments were performed using the 50-mm gaslpowder gun at the University of Dayton Research Institute. The details of the experiments are summarized in Table  1 . The calibration of manganin gauges used in the present experiments was reported under shock loading and unloading /10,11/. The interpretation of the spall signals present in manganin gauge profile was based on earlier studies 17,121.
RESULTS AND DISCUSSION
Manganin gauge profile from a Type I experiment (7-1628) is shown in Figure 2 (b). In this experiment release wave from the glass-PMMA interface interacts with the failure wave originating at the impactor-target (glass) interface. There is a small increase in stress (point A) as a result of the reflection of the release wave from the material with lower impedance (comminuted glass behind the failure wave front). This duplicates the finding of Kanel et a1 /l/. The arrival of the small increase'in stress corresponds to failure wave velocity of about 1.7 r 0.2 mm/ps.
Further evidence of the existence of failure waves in glass comes from spa11 (type 11) experiments. We reported earlier that the spall strength of soda lime glass is zero for shock stress of about 70 lbar (above HEL) 171. In that experiment (7-0889) we impacted a 5.7-mm thick soda lime glass target with a 3.9 mm aluminum flyer at a velocity of 906 mls. Manganin gauge profile is shown in Figure 3(a) . The spall plane in this experiment happened to be behind the failure wave. In the present study we repeated this experiment with a 2.4-mm thick aluminum flyer (7-1533) and found that there is no spa11 signal in the manganin gauge profile, as shown in Figure 3(b) . The spall plane in this experiment was in front of the failure wave. There is a clear evidence from the results of these two experiments that the spall strength of soda lime glass depends on the location of the spall plane with respect to the propagating failure wave, originating at the impactor-target interface.
In order to observe whether a failure wave in soda lime glass occurs for the peak stresses in the elastic range (below HEL), we analyze the data form three experiments . Manganin gauge profiles from these experiments (Figure 4a) show unambiguously the spall strength of soda lime glass is almost zero. Impactor thicknesses in these experiments were chosen so that the spall plane is behind the failure wave. We compare this result with the data reported earlier /7/ where the peak shock stress was also in the elastic range (7-0892), but the spall plane was in front of the failure wave. Spall strength in experiment 7-0892 was determined to be more than 30 kbar (Figure 4b ). Thus the results on the spa11 strength of soda lime glass for the same shock stress in the elastic range are drastically different, These differences can be resolved on the basis of the existence of failure waves in soda lime glass for shock stresses below and above HEL.
An interesting feature is present in manganin gauge profiles shown in Figures 4(a) and (b) . The shock levels in these profiles are not constant, but a gradual increase in the shock level is seen. We interpret this increase to be due to the reflection of the release wave fan from the glass-PMMA interface from the advancing failure wave in glass.
Yeshurun et a1 /8/ have already demonstrated that the spall strength for pyrex is zero for ushock > >EL and nonzero for ushock C HEL. We investigated the existence of failure wave within the elastic range in pyrex by repeating experiment 7-1615 with pyrex target. Figure 5 shows the gauge record in experiment 7-1616 (impact velocity of 685 m/s, aluminum 6061-T6 impactor, 4.8-mm thick). It is clearly seen that the pyrex target did not spall. This strongly suggests that no failure wave was produced in this material in the elastic range (at least to 52 kbar). This basic difference between the two glasses may be related to the differences in their compressibility, which is responsible for the normal-anomalous behavior of the two materials. Another explanation may lie in the fact that soda lime glass is a "structureless" glass, whereas pyrex contains two phases. Differences in failure wave propagation may also be related to the different crack initiation and growth observed in /13/ for pyrex and soda lime glass impacted by steel spheres. It turns out that after impact a large number of splinter cracks initiate beneath the impact site in soda lime glass while no splinter cracks occur in pyrex. 
CONCLUSIONS
Our interpretation of these experiments is summarized in Figure 2 (a). Failure waves in shock loaded glass specimens were detected using manganin stress gauges in spall experiments. These waves exist in soda lime glass even for elastic loading but not in pyrex glass.
